Glycosaminoglycans (GAGs) play a critical role in binding and activation of growth factors involved in cell signaling critical for developmental biology. The biosynthetic pathways for GAGs have been elucidated over the past decade and now analytical methodology makes it possible to determine GAG composition in as few as 10 million cells. A glycomics approach was used to examine GAG content, composition, and the level of transcripts encoding for GAG biosynthetic enzymes as murine embryonic stem cells (mESCs) differentiate to embryoid bodies (EBs) and to extraembryonic endodermal cells (ExE) to better understand the role of GAGs in stem cell differentiation. Hyaluronan synthesis was enhanced by 13-and 24-fold, most likely due to increased expression of hyaluronan synthase-2. Chondroitin sulfate (CS)/dermatan sulfate (DS) synthesis was enhanced by 4-and 6-fold, and heparan sulfate (HS) synthesis was enhanced by 5-and 8-fold following the transition from mESC to EB and ExE. Transcripts associated with the synthesis of the early precursors were largely unaltered, suggesting other factors account for enhanced GAG synthesis. The composition of both CS/DS and HS also changed upon differentiation. Interestingly, CS type E and highly sulfated HS both increase as mESCs differentiate to EBs and ExE. Differentiation was also accompanied by enhanced 2-sulfation in both CS/DS and HS families. Transcript levels for core proteins generally showed increases or remained constant upon mESC differentiation. Finally, transcripts encoding selected enzymes and isoforms, including GlcNAc-4,6-O-sulfotransferase, C5-epimerases, and 3-O-sulfotransferases involved in late GAG biosynthesis, were also enriched. These biosynthetic enzymes are particularly important in introducing GAG fine structure, essential for intercellular communication, cell adhesion, and outside-in signaling. Knowing the changes in GAG fine structure should improve our understanding the biological properties of differentiated stem cells.
Introduction
Glycosaminoglycans (GAGs) are linear, anionic polysaccharides found primarily in the extracellular environment of the glycocalyx and extracellular matrix of all animal cells. 1 There are three families of uronic acid containing GAGs, hyaluronan (HA), chondroitin sulfate (CS)/dermatan sulfate (DS), and heparan sulfate (HS) (Figure 1 ). Over the past 20 years, the GAG biosynthetic pathways have been elucidated. While many of the biosynthetic enzymes have been cloned and expressed, our understanding of both their specificity and how these enzymes are controlled and regulated is not well understood. [2] [3] [4] GAG biosynthetic enzymes are often present in multiple isoforms localized in the plasma and Golgi membranes. The expression of these isoforms is often spatially and temporally regulated giving rise to different GAGs in different cell types and at different stages in development. 5, 6 GAGs are important cellular receptors for proteins such as growth factors and are involved in cell signaling, adhesion, growth and differentiation. 1, 7 The HS GAG chains of the proteoglycans syndecan and glypican, for example, are responsible for the assembly of the FGF-FGFR signal transduction complex, an essential component of the early development of diverse organisms. 1, 7, 8 Glycomics deals with the study of the structure and function of glycans, glycosphingolipids, glycoproteins, such as proteoglycans, as well as proteins that bind to glycans. An understanding of the glycome will likely explain some mysteries associated with gene regulation via changes in expression and/ or post-translational modification. 9 The structural glycomics of the GAG chains of HS proteoglycans from murine tissues have been recently under intensive study by our laboratory. 10 The structure of HS in genetically modified mice has also been examined. 11 Murine embryonic stem cells (mESCs) are derived directly from the inner cell mass (ICM) of preimplantation embryos [12] [13] [14] and have been used extensively as an in vitro model in which to study specific aspects of early embryonic development. 15, 16 In the presence of IL-6 family members such as leukemia inhibitory factor (LIF), mESCs can be maintained in culture indefinitely in a self-renewing state as a pluripotent stem cell population and retain many of the characteristics of their founder cells in the ICM. [17] [18] [19] [20] Throughout extended periods of passaging, mESCs retain their broad differentiation potential in vitro and, when introduced back into blastocyst-stage embryos, can contribute to normal development of the entire embryo and to the germ line. [21] [22] [23] ESCs have been used extensively to understand the biology of late pre-implantation and early post-implantation development, including events associated with the formation of the three embryonic germ layers, 24, 25 but have also generated considerable interest as they are a potential source of cells that can be used to cure degenerative diseases through cell therapy.
In this report, we begin to examine the GAG glycome in mESCs by defining changes in GAG content and structure as pluripotent ESCs differentiate. These data are then complemented by an analysis of the changes in the expression levels of GAG-related transcripts using quantitative RT-PCR (qRT-PCR), an analysis that can detect transcript expression linearly over 7 orders of magnitude. Although a particular transcript level may or may not reflect the expression level of the protein it encodes or the activity of this protein, understanding changes in specific gene transcript levels is an important first step in determining how GAG biosynthesis is regulated during embryonic stem cell differentiation. Overlaying GAG structural and transcript expression changes provides insights into the regulation, synthesis, and expression of GAG structures and lays the foundation for more fully understanding their regulation and possible function during mESC differentiation and embryogenesis. In this report, we begin to examine the GAG glycome in mESCs by defining changes in GAG content and structure as pluripotent ESCs differentiate into either embryoid bodies (EBs), composed of endoderm, ectoderm, and mesoderm, or extraembryonic endodermal cells (ExE) formed through stimulation of monolayers with retinoic acid.
Materials and Methods
Growth and Characterization of mESCs, EBs, and ExE. R1 mESCs 26 were cultured in the absence of feeders on tissue culture grade plasticware precoated with 0.1% gelatin-phosphate buffered saline (PBS), as described previously. 27 mESC culture medium consisted of Dulbecco's Modified Eagle Medium (DMEM, GIBCO BRL) supplemented with 10% fetal calf serum (GIBCO), 1 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 100 U/mL penicillin, 100 U/mL streptomycin, and 1000 U/mL recombinant human LIF (ESGRO) at 37°C under 10% CO2. Differentiation of mESCs into embryoid bodies (EBs) was carried out as described previously. 28 mESCs were harvested by trypsinization converting suspensions of single ESCs into aggregates and seeded into 10 cm bacteriological dishes at a Figure 1 . Structure of Glycosaminoglycans. (A) Hyaluronan (uronic acid is GlcA and hexosamine is GlcN and X ) H), chondroitin sulfate (uronic acid is GlcA, hexosamine is GalN, more than 2 of the X groups ) H and less than one of the X groups ) SO3 -), and dermatan sulfate (uronic acid is IdoA and hexosamine is GalN, more than 2 of the X groups ) H and less than one of the X groups ) SO3 -); (B) Heparan sulfate (uronic acid varies from primarily GlcA to primarily IdoA, hexosamine varies from primarily GlcNAc to primarily GlcNS, and X + Y ranges from ∼1 to 2.5 SO3 -groups). (C) Disaccharides afforded on the complete polysaccharide lyase catalyzed depolymerization of GAGs.
density of 1 × 10 5 cells/mL, in 10 mL mESC-medium lacking LIF. EBs were harvested daily, the medium was changed every 2 days, and cultures were split one into two at day 4. Differentiation of mESCs into extraembryonic endoderm (ExE) was carried out by treatment with retinoic acid as previously described. 29 Cell populations of mESCs, EBs, and ExE were characterized by flow cytometry using the lineage-specific marker CD9 and by transcript analysis using quantitative RT-PCR. RNA was prepared using Qiagen RNeasy Mini Kits. Chromosomal DNA was removed using RNase-free DNase (Qiagen). cDNA was prepared using the Superscript First Strand Synthesis System (Invitrogen) using 2 µg total RNA. Target mRNAs were assayed using TaqMan Gene Expression Assays (Applied Biosystems), supplemented with Universal PCR Master Mix (Applied Biosystems). PCR reactions were performed on an Applied Biosystems ABI 7700 Sequence Detector. Paired samples for each cell type were used for both structural and qRT-PCR analysis.
Recovery and Disaccharide Compositional Analysis of GAGs. GAGs were prepared from approximately 20 mg of lyophilized cells, and unsaturated disaccharides were produced by enzymatic digestion and then separated by reversed-phase ion-pairing HPLC and reacted with 2-cyanoacetamide to form derivatives for fluorescence detection. 30 Dermatan sulfates were estimated by measuring unsaturated disaccharides with chondroitinase ACII digestion compared with both ACII and ABC. Unsaturated disaccharides from hyaluronan were determined with fluorometric postcolumn HPLC with graphitized carbon column as reported previously. 31 Measurement of Proteoglycan-Related Gene Expression Levels using Quantitative RT-PCR (qRT-PCR). Primer Design and Validation. Primer pairs for GAG-related genes and control genes were designed within a single exon using conditions described in Nairn et al. (in preparation). Primers were validated using the standard curve method 32 with dilutions of mouse genomic DNA as template. Only primer pairs, which gave efficiencies of 100 ( 10% with genomic DNA, were considered as validated for further experiments. Primer sequences and accession numbers for genes in this study are presented in Supplementary Table 1 . Individual qRT-PCR reactions were also checked for efficiency 100 ( 5% using reaction raw fluorescence data in the LinReg PCR program. 33 Total RNA Isolation and cDNA Synthesis. mESC, EB, and ExE cell pellets were harvested and flash frozen in liquid nitrogen and stored at -80°C until use. Cell pellets were homogenized using a polytron, and RNA was isolated using Trizol Reagent (Invitrogen) and Phase Lock Gel (Eppendorf) following manufacturer instructions. Total RNA was precipitated using LiCl (2.5 M final concentration), resuspended in RNase-free water and treated with RNase-free DNase (Ambion) to remove genomic DNA. Samples were re-extracted with Trizol then reprecipitated with LiCl and resuspended in RNase-free water and used for cDNA synthesis. One microgram of total RNA was used for a 20 µL cDNA synthesis reaction using the SuperScript III First-Strand Synthesis System (Invitrogen). Reactions were diluted 1:10 with DEPC-treated water prior to qRT-PCR assays.
qRT-PCR Reactions. Triplicate reactions (20 µL each) containing 5 µL of diluted cDNA or genomic DNA template, 5 µL of primer pair mix (125 µM final concentration), and 10 µL of iQ SYBR Green Supermix (BioRad) were assembled in 96 well microtiter plates. Plates were sealed with optical film and centrifuged at 2500 rpm for 5 min before being placed into a MyiQ or iCycler Real Time PCR machine (BioRad) using the following cycling conditions: 95°C for 3 min, followed by 40 cycles of: 95°C for 10 s (denaturing), 65°C for 45 s (annealing), and 78°C for 20 s (data collection). Following the thermal cycling and data collection steps, amplimer products were analyzed using a melt curve program (95°C for 1 min, 55°C for 1 min, then increasing 0.5°C per cycle for 80 cycles of 10 s each). The control gene, Ribosomal Protein L4 (RPL4, NM_024212), was included on each plate to control for run variation and to normalize individual gene expression.
Calculation of Relative Gene Expression Levels. Triplicate Ct values for each gene were averaged, and the standard deviation was calculated. Samples that resulted in a standard deviation of >0.5 Ct units were rerun until values with standard deviations within an acceptable range were acquired. The logarithmic average Ct value for each gene and the control gene was converted to a linear value using the conversion: 2 -Ct . Converted values were normalized to RPL4 by dividing the individual gene value by the control gene value. Normalized values were scaled so that genes that were below the level of detection were given a value of 1 × 10 -6 , and this value was used as the lower limit on histograms.
Results
Characterization of mESCs, EBs, and ExE. Differentiation of mESCs over 4 days into embryoid bodies reveals gross morphological changes ( Figure 2A ) and produces a heterogeneous population of cells including extraembryonic endoderm (ExE) and varying amounts of the three embryonic germ layers: ectoderm, mesoderm and embryonic endoderm. Increases in transcript abundance for an ectoderm marker (Zic1), a mesoderm marker (goosecoid (GSC)), and embryonic endoderm markers (Sox17, AFP, and GATA-6) were observed in the EB population demonstrating the presence of all three germ layers ( Figure 2B ) in addition to similar or slightly reduced amounts of transcripts for pluripotency markers (Zfp42(Rex1),-GBX2 and Nanog). In contrast, treatment of mESCs with RA generates primarily ExE, as indicted by >10-fold increases in Sox17, AFP, and GATA-6 transcript levels. Consistent with loss of pluripotency, RA-treated cells show a decrease in transcript abundances of ESC markers Zfp42 (Rex1), GBX2, and Nanog ( Figure 1B) .
Disaccharide Analysis of GAGs from mESC, EBs, and ExE. A mESC line, grown under feeder-free conditions, EBs, and ExE generated from this cell line were used to study the GAG glycome. mESCs, EBs, and ExE cells (10 7 cells from R1 cell line) were freeze-dried, and the GAGs were recovered. Treatment of these GAGs with selected polysaccharide lyases afforded their constituent disaccharide components (Figure 1 ), which were analyzed by RPIP-HPLC with postcolumn fluorescence detection affording high-resolution chromatograms (not shown). Assignment of peaks was performed by co-injection of authentic disaccharide standards, and quantification was obtained from standard curves. Tables 1 and 2 show the disaccharide composition of the mESCs, EBs, and ExE cell lines, as well as the total amount of each type of GAG present in these cell lines.
Hyaluronan (HA) showed a 13-and 24-fold increase when mESCs differentiated to ExE and EB cells, respectively. The total CS/DS biosynthesized by EBs and ExE cells was 4-and 6-fold higher, respectively, than that synthesized by mESCs. The most prominent change in CS/DS composition of both EBs and ExE was a decrease in 6S disaccharide (CS C + DSC) with a concomitant increase in 4S,6S (CSE) disaccharide. Other changes observed include an increase in 4S,6S (DSE) and 2S,4S (DSB) in ExE. The total HS biosynthesized by EBs and ExE was 5-and 8-fold higher, respectively, than that synthesized by mESCs. Both EBs and ExE showed substantial increases in the HS disulfated disaccharide sequence, NS6S. The ExE cells biosynthesized 2-fold more HS trisulfated disaccharide, 2SNS6S, than did mESC.
Quantitative Analysis of mRNA Expression. The relative expression of genes involved in GAG biosynthesis, modification, and catabolism, as well as core proteins, were next determined for mESC cells, EB cells, and ExE cells using a newly developed array of primers and quantitation by qRT-PCR.
Transporter Proteins and Enzymes Involved in Precursor Biosynthesis. Six precursors, PAPS, UDP-GlcNAc, UDP-GalNAc, UDP-GlcA, UDP-Xyl, and UDP-Gal, are important in the biosynthesis of the uronic acid containing GAGs, HS, CS/DS, and HA ( Figure 3A ). The relative level of gene expression in mESC, EB, and ExE cells were determined for a number of transporter and biosynthetic proteins involved in the uptake and biosynthesis of these precursors. Transcript abundance for most genes involved in the synthesis of GAG precursors ( Figure  3B ) were unchanged, slightly down-regulated, or slightly upregulated both in EB and ExE cells, as compared to undifferentiated mESCs. One exception was hexokinase isoform 3, which is approximately 30-fold up-regulated in both EB and ExE cells. The results from the gene expression studies on these proteins involved in the early steps of GAG biosynthesis could Figure 1 . Abbreviations for CS and DS disaccharides used in Figure 1 throughout the text.
d GAG analyzed, where the amount of CS and DS could not be determined separately are shown as "CS+DS".
e N.D. ) none detected.
not explain the observed increase in GAG content resulting from ESC differentiation, suggesting that adequate precursor pools are present in the cells for the large enhancement in GAG biosynthesis, which occurs when mESCs differentiate to EBs and ExE. Enzymes Involved in HA Biosynthesis and Catabolism. HA, the structurally least complex of the GAGs, is biosynthesized at the cell membrane, by hyaluronan synthases -1, -2, and -3 (Has1, Has2, and Has3, respectively) ( Figure 4A ). HA is then catabolized at the cell membrane and intracellularly to smaller bioactive polysaccharides and oligosaccharides through the action of six hyaluronidases, encoded by two sets of three tightly clustered genes, Hyal-1, Hyal-2, and Hyal-3 and Hyal-4, PH-20, and Hyal-5 ( Figure 4) . Transcript levels for genes involved in HA biosynthesis and catabolism were examined ( Figure 4B ). HA synthase 2 (Has2) transcript levels were >200-and >3000-fold up-regulated in ExE and EB cells, respectively. Has1 transcript abundance was also increased by approximately 50-and 5-fold in ExE and EB cells, respectively. These Glutamine fructose-6-phosphate transaminase-1 and -2 (Gfpt1, Gfpt2); 6. Glucose-6-phosphate isomerase (Gpi1); 7. Glucosamine-phosphate N-acetyltransferase 1 (Gpnat1); 8. N-acetylglucosamine kinase (Nagk); 9. Phosphoglucomutase 3 (Pgm3); 10. UDP-N-acetylglucosamine pyrophosphorylase 1 (Uap1); 11. UDP-GlcNAc transporter (UDP-GlcNAc TR); 12. UDP-galactose-4-epimerase (Gale); 13. Phosphoglucomutase 2 (Pgm2); 14. UDP-glucose pyrophosphorylase 2 (Ugp2); 15. UDP-Glucose dehydrogenase (Udgh); 16. UDP-GalNAc and UDP-GlcA dual transporter (UDP-GalNAc/UDP-GlcA TR); 17. UDP-glucuronate decarboxylase 1 (Uxs1); 18. UDP-Xylose transporter (UDP-Xyl TR); 19. Galactose-1-phosphate uridyl transferase (Galt); 20. Gluco/galactokinase (Glk); and 21. UDP-Gal transporter (UDP-Gal TR). Transcript analysis of indicated genes in total RNA isolated from mEB and were performed as follows: Average Ct values from triplicate samples obtained for each gene, with a standard deviation of less than 0.5 Ct units, were converted to linear values and normalized to the housekeeping gene RPL4 (as described in Materials and Methods). (B) Relative transcript abundance for mES (gray bars) and (red bars) and (black bars) are plotted on a log scale for each gene assayed. Error bars represent 1 standard deviation from the mean. Transcript values less than 1 × 10 -6 are below the threshold of detection. a The degree of sulfation calculated from the disaccharide analysis was 0.66 sulfo groups/disaccharide for mESE, 0.60 sulfo groups/disaccharide for EB, and 0.78 sulfo groups/disaccharide for ExE.
b Abbreviations for HS disaccharide used in Figure 1 and throughout the text.
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changes clearly correlate well with the increase in amount of HA isolated from these cell types (Table 1) . The transcripts for genes involved in HA catabolism show different trends. Transcripts for Hyal1 were increased, whereas transcripts for Hyal2, Hyal4, Hyal5, and PH-20 were unchanged, and Hyal3 transcript levels were unchanged in EBs but down-regulated (>100-fold) in ExE. Transcript levels of HA binding proteins, residing on the cell surface, were also determined. CD-44 and Habp4 transcripts increased modestly only in ExE, while Habp2 transcript levels increased by ∼8-fold in EBs and >20-fold in ExE as compared to mESCs. RHAMM transcripts increased slightly in EBs and decreased slightly in ExE, when compared to levels in mESCs. These observed differences, in the transcript levels of Habp2, Habp4, and CD-44, suggest that stem cells may preferentially utilize different HA binding proteins to anchor HA.
Expression of transcripts encoding Core Proteins Carrying GAG Chains. Whereas HA is biosynthesized as a free polysaccharide, CS/DS and HS are biosynthesized on a protein core ( Table 3) . The expression of a number of core proteins was examined in mESCs, EBs, and ExE ( Figure 5 ). CS/DS core proteins, with increased transcript levels (by ∼10-fold or more) in both EB and ExE, included versican, decorin, biglycan, and thrombomodulin. Transcript levels of tenascin-C and epican increased 200-and 10-fold only in ExE. Neuroglycan transcript levels decreased slightly (<10-fold) in EBs and ExE. Epiphycan decreased (by 1000-fold) in ExE compared to ESCs, and the levels in EBs and mESCs were similar. RPTP beta/phosphocan transcript levels increased by ∼15-fold in EBs but decreased by ∼10-fold in ExE, when compared to ES cells. HS core proteins with increased expression levels (by ∼10-fold or more) in both EBs and ExE included glypican 3, glypican 6, and collagen XVIII. Transcript levels for perlecan, syndecan 2, and syndecan 3 increased (by ∼10-fold) in ExE compared to ESCs. Glypican 5 transcript abundance increased (by >100-fold) in EBs compared to ESCs. In summary, core protein transcript levels generally increased or remained constant in both the CS/ DS and HS proteoglycan families.
Expression of Enzymes Involved in Common Linkage Region Sequence. The first four steps of the synthesis of GAG chains linked to core proteins, CS/DS, and HS share a common pathway ( Figure 6A ) involving xylosyl transferase (Xylt1 and Xylt2), 4-galactoslytransferase ( 4galt7), 3-galactosyltransferase ( 3galt6), and 3-glucuronosyltransferase ( 3gat1, 3gat2, 3gat3). The transcript levels for four of these enzymes all showed only slight differences, with the interesting exception of the transcript encoding 3-glucuronosyltransferase I ( 3gat1), which showed a 100-fold decrease on differentiation of mESCs to ExE ( Figure 6B ). The change observed in transcript levels for 3gat1 is currently unclear but suggests that it may be important to examine the subspecificity of the 3-glucuronosyltransferase isoforms.
Expression of Enzymes Involved in Late Linkage
Region Biosynthesis and Chain Extension. HS linkage region biosynthesis and chain extension requires R4-GlcNAc transferase (Extl2 and Extl3), glucuronsyltransferase (Ext1,Ext2) and combined GlcAT and GlcNAcT activities (present in copolymerase Ext1/Ext2, Extl1 and Extl3) ( Figure 6A ). Of all the chain extension enzymes in HS biosynthesis, only Extl1 transcript abundance show a substantial change, decreasing by ∼40-fold upon differentiation of mESC to ExE cells ( Figure 6B ). CS/DS linkage region biosynthesis and chain extension require two additional enzymatic activities, 4-GalNAc transferase (GalNAct2), and chondroitin synthase (Chsy1, Chsy2, Chsy3-like), which has both 3GlcAT and 4GalNAcT activities required to form the repeating disaccharide ( Figure 6A ). Of all the chain extension enzymes in CS/DS biosynthesis, only Chys3-like transcript levels show a substantial change, increasing 5-and 50-fold in EBs and ExE, respectively ( Figure 6B ). Chondroitin is converted to dermatan via epimerization of GlcA to iduronic acid (IdoA) which is accomplished by dermatan sulfate epimerase (Dse and Dsel). Expression of Dse was fairly constant for all cell types whereas Dsel expression increased ∼10-fold in EBs compared to mESCs.
Expression of Enzymes Involved in the Modification of HS GAG Repeating Unit. HS N-deacetylase, N-sulfotransferase
isoforms 1-4 (NDST1, NDST2, NDST3, and NDST4), HS 5′-uronosyl epimerase (Glce), HS 2-O-sulfotransferase (Hs2st1), HS 6-O-sulfotransferase isoforms 1-3 (Hs6st1, Hs6st2, Hs6st3), and HS 3-O-sulfotransferase isoforms (Hs3st1, Hs3st2, Hs3st3a1, Hs3st3b1, Hs3st5, and Hs3st6) are involved in the modification of the HS GAG repeating unit ( Figure 7A ). NDST-1 transcript levels slightly increased (by <10-fold), whereas NDST-2 transcript levels increased (by ∼10-fold in both EBs and ExE) ( Figure 7C ). NDST-3 and NDST-4 show increased expression levels only in EBs. The transcript levels of C5Epi(Glce) and Hs2st1 remained relatively unchanged. The transcript levels of Hs6st2 increased for both EBs and ExE (100-fold and 500-fold, respectively), whereas Hs6st1 remained relatively unchanged and the Hs6st3 increased by ∼20-fold on mESC differentiation to ExE. HS 3-OST isoform 3a1 transcript (Hs3st3a1) increased (∼300-fold and ∼600-fold, respectively) for both EBs and ExE, while 3-OST isoform 1 transcript (Hs3st1) increased ∼40-fold only for ExE and the 3-OST isoform 2 transcript Hs3st2 increased ∼30-fold only for EBs. Figure 7B ) and are specific for the addition of sulfates to GlcA/IdoA (2S) or GalNAc (4S and/or 6S). Chondroitin uronosyl sulfotransferase (Ust) adds sulfate to the GlcA residue of chondroitin or the IdoA residue of dermatan. Transcripts for Ust were ∼60-fold more abundant for EB and ExE cells.
Expression of Enzymes Involved in the Modification of CS/ DS GAG Repeating Unit. Several enzymes are involved in the modification of the CS/DS GAG repeating unit (
Chondroitin 4-O-sulfotransferase (Chst11 and Chst12) and Dermatan 4-O-sulfotransferase (D4st1) add sulfate to the 4-O position of GalNAc in chondroitin and dermatan, respectively. Expression of both isoforms of Chondroitin 4-OST (Chst11 and Chst12) are elevated slightly in ExE (∼5-fold) and D4st1 expression is more elevated in ExE (∼10-fold) as compared to mESCs, whereas expression of these enzymes is similar between mESCs and EBs.
Addition of sulfate to the 6-O position of GalNAc on chondroitin or dermatan can be accomplished by chondroitin 6-O-sulfotransferase (Chst3 and Chst7) or N-acetylgalactosamine 4S,6S transferase (GalNAc 4S6ST). Expression of one 6-OST isoform, Chst3, is relatively similar for all cell types, whereas expression of the other isoform, Chst7, is increased by ∼10-fold in both EBs and ExE, compared to mESCs. GalNAc4S6ST transcript abundance increased ∼40-fold in EBs and ∼25-fold in ExE compared to mESCs ( Figure 7C ). This upregulation presumably resulted in the increase of CS/DS 4S,6S (S E) and CS/DS 2S,4S (SB) structures (Table 1) .
Discussion
A prominent finding of this study is the increased biosynthesis of all of the uronic acid containing GAGs, upon differentiation of mESCs to EBs and ExE. This result suggests that the biosynthesis and transport of the GAG precursors PAPS, GlcA-UDP, GlcNAc-UDP, GalNAc-UDP, Gal-UDP, and Xyl-UDP may all be enhanced in EB and ExE cells (Figure 3 ). Contrary to our expectations, the transcript levels of most of these transporters and biosynthetic enzymes remained unchanged on differentiation. It is likely that the pools of these precursors are sufficient to allow the 4-24-fold increase in GAG synthesis observed on differentiation of mESCs to EBs and ExE. Although precursor transporters and biosynthetic enzymes are clearly essential for GAG biosynthesis, 34 they do not appear useful in predicting GAG levels within the ranges encountered in the current study. HA is biosynthesized through the action of three Has isoforms and catabolically processed through the action of six Hyal isoforms ( Figure 4A ). Because HA has a uniform repeating unit, contains no core protein, and is not sulfated, it is believed to show differential activity based on chain length. 35 Thus, the expression levels of both biosynthetic and catabolic enzymes were examined. Transcripts for two of the three Has isoforms were at higher levels in EBs and ExE, suggesting an explanation for the 13-and 24-fold enhancement of HA levels in ExE and EB cells, respectively. Although mammalian Has enzymes have distinct catalytic properties, 36 it is unclear why there are three Has isoforms because they all appear to be independently active. Has2, with transcript levels enhanced by 200-and 3000-fold in ExE and EBs, respectively, synthesizes the highest molecular weight (>10 6 Da) HA. 37 Experiments using histochemical staining of cultured tissue fragments from mouse embryos revealed that HA was detected in early stages of ExE cell cultures. 38 A knock out study of the Has2 gene demonstrated that the Has2 product was critical for embryogenesis. In contrast, overexpression of Has2 enhanced anchorageindependent growth and tumorgenicity. 39 HA shows an extraordinary rate of turnover in mammals and has an intravenous t 1/2 of 2-5 min in rabbits. 40 HA is biosynthesized at the cell membrane, extruded through the membrane and anchored on the external membrane surface of the cell by HA binding proteins. The transcript levels for these binding proteins are different in both EBs and ExE. It is on the outer membrane of the cell that catabolic processing of HA occurs through the action of hyaluronidases (Hyal). There are six Hyal genes arranged in two three-gene clusters. 41 Hyal1 and Hyal2 constitute the major hyaluronidase in somatic tissues. A null mutation in Hyal2 in mouse is embryonic lethal whereas mutations in Hyal1 result in mucopolysaccharidosis. 42 Hyal3, with decreased transcript levels in ExE, does not show enzymatic activity using currently available hyaluronidase assays, 41 but its expression is observed in chondrocytes 43 and increases when fibroblasts undergo chondrocyte differentiation. 44 Hyal4 appears to be a chondroitinase, but no detectable expression of this gene was observed in any of the cell types assayed. Finally, PH-20 (SPAM1), showing similar levels in all cell lines, facilitates penetration of sperm through the cumulus surrounding the ovum in fertilization 45 and binds through a separate domain to the zona pelucida. 46 PH-20 has been detected in fetal tissues 47 and in malignancies. 48 In summary, despite the homogeneous repeating structure of HA, stem cells may control its size through the differential expression of Has or Hyal isoforms or may restrict its localization through controlling the expression of HA binding proteins. Biosynthesis of chondroitin/dermatan sulfate and heparan sulfate core proteins. The relative transcript abundance of mRNAs for CS/DS core proteins aggrecan (CSPG1), versican (CSPG2), neurocan (CSPG3), NG2 (CSPG4), neuroglycan (CSPG5), bamican (CSPG6), brevican (CSPG7), decorin, biglycan, procollgen, thrombomodulin, epican, CD74, RTP beta/phosphocan, tenascin-C, tenascin-R, asporin, and epiphycan and the mRNA for the HS core proteins, perlecan, agrin, syndecan1-4, glypican1-6, and collagen XVIII were determined. Relative transcript abundance for mESC (gray bars) and EB (red bars) and ExE (black bars) are plotted on a log scale for each gene assayed. See legend of Figure 2 for details.
Next, we looked at the biosynthesis of a wide array of CS/ DS and HS core proteins (Table 3 ). Many studies have examined proteoglycan synthesis in mid-stage to late stage embryos, 49 but little is known about the proteoglycans of the pre-implantation stages of embryogenesis. Syndecan 1 is known to appear at the four-cell stage 50 and perlecan in day 4 blastocysts. 51, 52 Serglycin is synthesized and secreted by ES cells. 49 Retinoic acid treatment of ES cells (affording ExE) results in slight enhancement of serglycin mRNA levels. ExE cell markers include laminin and collagen IV, major components of the basement membrane formed by ExE cells. 52 Proteoglycan core transcript levels in mESCs, EBs, and ExE cells were next examined. Our results may explain the enhanced production of CS/DS and HS GAGs, as the transcript level of core proteins increased (by >10-fold) in 39% of the cases, remained unchanged (<10-fold change) in 56% of the cases, and decreased (by >10-fold) in 3% of the cases on mESC to EB and ExE differentiation. In the hyalectin family (HAbinding proteoglycans that include aggrecan, versican, neurocan and brevican), only versican showed major enhancement of transcript levels on mESC differentiation to EBs and ExE ( Figure 5 ). Versican expression and regulation is controlled by the sonic hedgehog (SHH) signaling pathway, which is critically involved in embryonic development. 53 Versican also avidly binds HA, 54 suggesting coordinate regulation between HA biosynthesis and the expression of HA binding proteins. In the small leucine rich proteoglycan (SLRP) family, all the mRNA levels examined, i.e., decorin, biglycan, asporin, and epiphycan 55 showed substantial (>10-fold) differences between mESCs and EBs and ExE. Decorin and biglycan transcript levels were enhanced in both EBs and ExE. Decorin is localized in the ECM of collagen rich tissues and biglycan appears to have regulatory functions in the pericellular environment. 55 Asporin transcripts only increased in ExE and epiphycan transcripts only decreased in ExE. In the syndecan family of HS proteoglycans, only syndecan 3 showed a pronounced increase in transcript abundance in ExE. Syndecan 3 plays a major role in the regulation of energy balance 56 and in muscle fiber formation. 57 In the glypican family, glypican 3 and 6 showed large increases of transcripts in both EBs and ExE, whereas glypican 5 mRNA only increased in differentiation to EBs. Glypicans play a critical role in developmental morphogenesis 58, 59 but prior studies have only examined glypicans role in the later stages of development. 60 Glypican 3 is expressed in embryogenesis 61 and directly affects insulin growth factor (IGF) signaling, 58 and glypican 5 and 6 are co-localized on human chromosome 13 and mouse chromosome 14. 62 Finally, thrombomodulin and collagen XVIII showed an increase in transcript levels in both EBs and ExE, whereas RPTP beta/phosphacan showed a decrease in transcript abundance in ExE and tenascin-C showed an increase in transcript levels in ExE. Thrombomodulin, critical in maintaining blood homeostasis, is expressed early in embryogenesis, prior to vascularization, 63 and appears to regulate apoptotic cell death in embryonic trophoblasts. Collagen XVIII is localized in the sublamina densa of the basement membrane and contributes to the anchoring of the basement membrane to the underlying structures. 64 A C-terminal domain fragment of collagen XVIII is endostatin, which is a prominent inhibitor of angiogenesis. Although both asporin and tenascin-C core proteins are not known to contain attached GAG chains in tissues previously studied, 65, 66 it is possible that these core proteins may contain GAG chains in early development. It is also important to note that asporin and tenascin-C, as well as any of the other core proteins studied at the transcriptional level (Table 3) , may not be post-translationally modified with GAG chains. Finally, it is interesting that the core proteins found to be transcriptionally up-regulated in mESC differentiation are commonly associated with cartilage, a tissue rich in ECM and not containing a basement membrane. This may correlate well with the loose, hydrated matrix associated with embryonic development.
The enzymes involved in the synthesis of the linkage region are believed to be a factor in directing GAG biosynthesis ( Figure  6A ). The initiation enzymes -GalNAc transferase (Extl2 and Ext13) and R-GlcNAc transferase (GalNAct2) result in subsequent linkage region primer extension, directing either HS or CS/DS biosynthesis, respectively. 67 The differentiation of mESCs to EBs and ExE results in a slight decrease of R-GlcNAct2 transcripts and a slight increase in Ext12 transcripts in ExE and Extl3 in both EBs and ExE, consistent with a slightly greater increase in HS content over CS/DS content in EBs and ExE, compared to mESCs.
The chain extension enzymes for HS show only slight differences in transcript levels for mESCs and EBs. The Chys3 chain extension enzyme for CS/DS shows a pronounced transcript increase on differentiation, offering an explanation for the enhanced synthesis of CS/DS. The EXT gene family has been shown to be essential for HS biosynthesis and embryonic development in Caenorhabditis elegans, 68 and depleted expression of chondroitin synthases in C. elegans results in cytokinesis defects in early embryogenesis, 69 demonstrating the critical importance of these biosynthetic enzymes.
The mRNA for GAG chain modifying enzymes in CS/DS [70] [71] [72] all show subtle differences with the exception of both the GlcA 2-OST (Ust) and GlcNAc 4,6-OST, (GalNAc 4S6ST), which show over a 10-fold enhancement in EB and ExE cells. This is consistent with the observation of large increases in the amounts of 4S6S(SE)sequence and small increases in 2S4S(SB) and 2S6S(SD) sequences (Table 1 ). The f4)--D-GlcA (1f3)--D-GalNAc4S6S (1f (SE) sequence is involved in critical receptor binding functions 73 and is also believed to terminate CS-A chains. 74 The GAG chain modifying enzymes in HS biosynthesis are a much more complex story because of the multiple isoforms of the 6-OST and 3-OST enzymes involved late in the biosynthetic pathway. 71, 75 These can afford the enormous structural diversity responsible for the interaction of HS with many different proteins. [75] [76] [77] In the early modification steps, transcript abundance for NDST-1 and NDST-2 show slight enhancement with differentiation and NDST-3 and NDST-4 transcripts were only detectable in EB cells. In the adult mouse, NDST-1 and NDST-2 show broad overlapping tissue distribution, whereas NDST-3 and NDST-4 are more restricted. 78, 79 NDST-1 knockout mice die either before birth or soon after birth. In contrast, NDST-2 knockout mice have defective connective tissue mast cells, suggesting the importance of NDST-2 in the synthesis of the highly sulfated HS GAG, heparin, carried on the serglycin core protein. NDST-3 and NDST-4 are expressed primarily during embryonic development, 78, 80, 81 and the current study shows their transcripts increase in ExE cells as well. The 2-OST (HS2st1) and C5Epi (Glce), which typically act in concert to synthesize IdoA2S residues most commonly found in heparin, show similar expression levels in mESCs, EBs, and ExE, suggesting no alteration of the HS/heparin ratio on differentiation. A 2-OST knockout in mice is neonatal lethal resulting in renal dysgenesis. 82 The Hs6st1 transcript levels remained unchanged. A 6-OST-1 mutant was defective in FGF signaling. 83 Both Hs6st2 and HS6st3 transcript levels increased on differentiation, but the 6-OST-2 and 6-OST-3 isoforms have broad tissue distribution in adult mammals, and their sub-specificity is presently not well understood. 71 The 3-OST isoforms show differential expression in patterns and intriguing sub-specificities. 71 Isoforms for 3-OST (Hs3st1, Hs3st2, and Hs3st3a1) show transcript increases in EB and ExE cells. These enzymes are found in adult mouse kidney/brain (broad), brain and heart/ placenta (broad) and act on f4)--D-GlcA (1f4)-R-D-GlcNS ( 6S(1f, f4)--D-HexA (1f4)-R-D-GlcNS(1f and f4)-R-LIdoA2S(1f4)-R-D-GlcN ( 6S(1f sequences, respectively. A 3-OST-1 knock out mouse mutant shows a subtle but complicated phenotype. 84 3-OST isoform-5 and isoform-6, with expression levels remaining unchanged from mESCs to EBs, or ExE, are found in the brain and brain/spinal cord and act on unknown or f4)--D-HexA ( 2S (1f4)-R-D-GlcNS ( 6S (1f sequences, respectively. 3-OST isoform-3b1, with unaltered transcript levels in differentiation, is found in the liver/placenta (broad distribution) of the adult mouse and acts on f4)-R-LIdoA2S (1f4)-R-D-GlcN ( 6S (1f sequences. The 3-OST family of isoforms offers the greatest potential insight into subtle changes in HS structure important to cell growth and cell differentiation.
In conclusion, the current study demonstrates an initial examination of the glycomics of mESC differentiation as it applies to GAG biosynthesis. These results provide the basis for devising and testing hypotheses that are focused on understanding specific steps in the biosynthesis of particular GAG biosynthetic products that we have shown to change with differentiation. Two specific examples illustrate the value of transcript levels of biosynthetic enzymes in predicting glycome composition and structure. The increased transcript expression levels of Has1 and Has2 parallel the 13-to 24-fold increase in HA observed on stem cell differentiation and the increased transcript levels GalNAc4S6ST correlates with the enhanced levels of 4S6S (S E) and 2S4S (SB) in both CS and DS. The confirmation of the importance of differential transcription levels for the 3-O-ST isoforms awaits the development of reliable analytical methods for determining products containing these structures.
Conclusions
A glycomics approach was successfully used to examine GAG content, composition and the level of transcripts encoding for GAG biosynthetic enzymes as murine embryonic stem cells (mESCs) differentiate to embryoid bodies (EBs) and to extraembryonic endodermal cells (ExE). The results obtained lead to better understand the role of GAGs in stem cell differentiation. Future studies will also examine the changes in expression levels of GAG-binding proteins that occur upon differentiation of mESCs to EBs and ExE in an effort to define the function of specific GAG structures on differentiation and cell growth during embryogenesis.
